There is increasing evidence that epigenetic marks such as DNA methylation contribute to phenotypic variation by regulating gene transcription, developmental plasticity and interactions with the environment. However, relatively little is known about the relationship between the stability and distribution of DNA methylation within chromosomes and the ability to detect trait loci. Plant genomes have a distinct range of target sites and more extensive DNA methylation than animals. We analysed the stability and distribution of epi-alleles within the complex genome of the oilseed crop plant Brassica napus. For methylation sensitive-AFLP (MSAP) and retro-transposon (RT) epi-markers, we found a high degree of stability, with 90% of mapped markers retaining their allelic pattern in contrasting environments and developmental stages. Moreover, for two distinct parental lines 97% of epi-alleles were transmitted through five meioses and segregated in a mapping population.
INTRODUCTION
DNA methylation is a modification of DNA sequence that serves to repress the influence of transposable elements (TEs) and other repetitive sequences within the eukaryote genomes of fungi, plants and animals (MARTIENSSEN and COLOT 2001) . Cytosine methylation (5mC), catalyzed by DNA methyltransferases, may also lead to heritable and/or reversible changes in chromatin structure and gene expression that do not entail changes in nucleotide sequence (FINNEGAN et al. 2000; MARTIENSSEN and COLOT 2001) .
within the context of stable genetic markers that define the established 19 linkage groups and chromosomes of B. napus. A revised conventional G-map was developed based on genetic markers (gen-markers) that included RFLP, SSR and STS mostly used in previous studies (LONG et al. 2007; SHI et al. 2009 ). Maps were constructed using JoinMap4.0 ( VAN OOIJEN 2006) with default parameters and linkage groups distinguished at LOD values between 8-19.
Based on the markers common to the E-and G-maps, BioMercator2.0 software (http://www.generationcp.org/) was used to generate the I-map.
Phenotypic data from each environment (LONG et al. 2007; SHI et al. 2009 ) were used to identify and map QTL within the three linkage maps (i.e. E-map, G-map and I-map).
Composite interval mapping (CIM) within WinQTLCart2.5 (WANG et al. 2006 ) was used with a significance threshold of p=0.05 using the permutation test method based on 1000 runs of randomly shuffling the trait values (CHURCHILL and DOERGE 1994) . QTL identified in different experiments for each trait (Primary QTL) were integrated into consensus QTL by the meta-analysis method (SHI et al. 2009 ) (BioMercator2.0, http://www.generationcp.org/).
Chromosome fluorescent in situ hybridization (FISH) analysis: 110 B. napus BAC clones
were selected using a B. rapa centromere BAC (AC166739) as the query sequence in BLASTN alignments with TapidorDH BAC-end sequences within GenBank (http://www.ncbi.nlm.nih.gov/sites/entrez?db=nucleotide). Following PCR with RTc marker primers, clone JBnB029F04 was found to contain an identical band as the RTc marker located on linkage group A6. This BAC was used as a probe in BAC-FISH, as described previously (LIM et al. 2005) .
Analysis of transposon insertion divergence using Hydra: Loci containing structural variants (SV) between the genomes of TapidorDH and Ningyou7DH were detected using Hydra (QUINLAN et al. 2010) . Solexa GAII paired-end reads (20X) generated from 1-2k and 2-3k insertion fragments of genomic DNA of Ningyou7DH were mapped to reference 8 sequences of 11 BAC clones of TapidorDH (CHEUNG et al. 2009) We checked the stability of MSAP markers in leaves 5-6 from the two parents, and in S5
(Self-pollinated 5 th generation) lines generated by single seed descent, grown in the same environment. 36 (97%) of the MSAP markers which were stable between the two developmental stages retained their DNA methylation allelic status through five meioses.
RTg and RTc markers were regarded as stable molecular markers since the assays did not involve the use of methylation sensitive enzymes. The centromeres of 17 linkage groups were identified using 39 RTc markers, with the position of eight centromeres confirmed by both single-and double-insertion RTc markers (Figure1A, Supplementary Table 3 ). The centromeric origin of the marker sequences was confirmed by FISH analysis, using as probes
BACs from which the RTc primers had been designed ( Figure 1B ). Figure 2B ). Moreover, there appeared to be no bias introduced into construction of the E-map, with similar numbers of 5mC derived alleles from each parent line.
The distribution of Epi-loci appeared to be uneven across the E-map ( Figure 2A and Supplementary Table 5 ). Analysis with the Poisson distribution function demonstrated that 18% (104) were in clusters of more than eight loci within a 10cM interval (P<0.001).
However, for four epi-locus-rich linkage groups (A5, A6, C1 and C4) the clusters were associated with the centromeric region. We identified a larger number of small but distinct clusters that were associated with parent-of-origin DNA methylation, which we termed as -clusters (182 markers) were identified that contained a combination of E T and E N methylated alleles within the same region. These were distributed in distinct regions across the genome, covering 16% of the linkage map (296cM) ( Table 2 and Figure 2A ).
To determine whether this uneven distribution of Epi-loci was specific to the E-map, the distribution of conventional loci was analyzed within the corresponding BnTNDH G-Map of 648 genetic loci (including the 84 anchoring markers), together with the additional 17 RTc loci (to reveal the position of centromeres) (Supplementary Table 4 ). As is common with many genetic maps, there was an uneven distribution of loci in the G-map, with seven of the 11 clusters identified having a Poisson distribution function located around the centromere.
Since it was difficult to compare the remaining epi-and G-clusters directly, due to lack of common markers within the centromeric regions of the two maps, we generated an integrated-map (I-map) using BioMercator2.0. This consisted of 1,157 loci (475 Epi-loci and 672 genetic-loci) covering 2,345 cM, with an uneven locus density (Supplementary Table 4 ).
Whilst there were 1.5 times as many Gen-loci in the A compared with the C genome, there were almost identical numbers of Epi-loci in each genome. However, the distribution of Epi-loci on individual linkage groups was extremely uneven, with a notably larger coefficient of variation (0.46) than that of Gen-loci (0.31) ( Table 2 ). A10 had the fewest (4) and lowest density (0.48) of Epi-loci, while C1 had the most (45) and highest density (7.0), although both linkage groups had a similar number and density of Gen-loci. The I-map retained similar features of cluster distribution for Gen-and Epi-loci as found in the component E-and Table 5 ). Compared with Gen-loci, which were concentrated around the centromeres and formed G-clusters, the epi-clusters were distributed throughout the genome. However, there were three overlaps with G-clusters in centromeric regions ( Figure   2A ). Comparison with the physical map of B. rapa chromosome A3 indicated that about 40%
G-maps (Supplementary
of Epi-loci in B.napus linkage group A3 were likely to be located in heterochromatic regions ( Figure 2C ).
To determine whether the distribution of Epi-loci was associated with the conserved ancestral blocks arising from sequential ancient duplications within the Brassicaceae Table 6) . We confirmed that all 15 MSAP bands contained the methylation sensitive restriction cutting site CTGCAG.
Both RTg markers were sequenced and found to possess the LTR of the retrotransposon which had been used in primer design, as well as a flanking sequence falling within a genic region, indicating that this type of marker was reliable (Supplementary Figure 1B) . Sequence analysis following cloning of ten RTc markers confirmed that these were related to known centromere retrotransposons, and all sequences had high identity with the centromere specific retrotransposon in the original B. rapa BAC (LIM et al. 2007) . Three sub-classes of centromeric sequences were detected, all possessing centromere retrotransposon LTR sequences, thus confirming that the RTc loci are most likely to be an accurate representation of the centromeric region (Supplementary Figure 1C) . As expected, the polymorphism of RTc markers arose from retrotransposon insertion-deletion events in the centromere region.
We analyzed sequence structural variation between the two parents using Hydra for a Figure 3A) . Conversely, only a few QTL epi were detected on linkage groups A10 and C7, with a very low QTL density in the latter. Linkage group C4 had both the lowest number and density of QTL at both epigenetic and genetic level.
We tested the hypothesis of an interaction between QTL epi and environmental specificity.
As expected, the number of QTL detected increased with the number of environments, with some QTL being specific to particular environments. Three parameters were calculated for each trait: the average number of QTL identified from one environment; the total integrated consensus QTL detected from all environments; and the index of environmental specificity, which we define as the ratio of consensus QTL to primary QTL for each trait (Supplementary Table 9 ). In general, the average number of primary QTL epi detected from one environment was half that of QTL dna (18.3 vs 39.5). Thus it appears there are no substantial differences between QTL epi and QTL dna in terms of the index of environmental specificity when the combined sets of four types of traits are taken into consideration.
DISCUSSION
We have characterized the inheritance and distribution of two classes of epi-marker within the complex B. napus genome. We found 90% of mapped epi-markers retained the same pattern in two contrasting developmental stages and environments. For two distinct parental lines 97% of alleles were transmitted through five meioses. Epi-markers were distributed non-randomly in the genome, and appeared to affect the ability to detect recombination. 125 QTL were associated with 7 agronomic traits in regions having a greater density of DNA methylation markers. Our results will not only facilitate further characterisation of Epi-loci, but also assist assembly of the complex B. napus polyploid genome, currently being sequenced using high throughput sequencing technology. napus. Hybrids from interspecific crosses in Arabidopsis (BUSHELL et al. 2003) and cotton (KEYTE et al. 2006) show changes in the DNA methylation pattern compared with parents., and de novo methylation and demethylation occur in interspecific hybrids of beans (ABID et al.
2010).
Epi-loci were unevenly distributed between linkage groups, with C1 having the greatest number (45) and density (7.0 per 10cM), more than ten times that within A10. This pattern of differential methylation was also detected between homologous ancestral blocks, and may reflect a buffer of gene dosage resulting from formation of the amphidiploid (PAUN et al. 2010) . In primate genomes, the degree of CpG methylation in homologous genomic regions varies between human, chimpanzee and baboon (MEUNIER et al. 2005) , suggesting the existence of a homology-dependent methylation (HDM) mechanism.
The uneven distribution of Epi-loci between the A and C genomes, between chromosomes and homologous blocks may indicate that genome evolution of B. napus has directly or indirectly involved activation or repression of transposons during speciation, cultivar breeding and possibly arising from cultivation in different environments, which in turn may contribute to the adaptation of different cultivars (FEINBERG and IRIZARRY 2010; YI et al. 2010) Conventional QTL analysis relies on detection of recombination using DNA markers where parental alleles co-segregate with heritable phenotypic variation. These have been referred to as QTL dna to distinguish from QTL epi , resolved by detection of recombination using a DNA methylation polymorphism within the corresponding genomic region (JOHANNES et al. 2008 ).
We used MSAP and retrotransposon-specific markers to reveal QTL epi , where the parental epi-alleles co-segregate with a trait in the BnTNDH population.
The epi-markers detected additional chiasmata within the population. We took care to ensure that the pattern of segregation and detection of chiasmata was consistent with the conventional gen-markers within each linkage group. The congruent pattern of segregation distortion for epi-and gen-markers along each chromosome also gave us confidence that the epi-markers provide an accurate reflection of recombination within the population. This has consequences for understanding the distribution of recombination frequency in different populations, for the ability to detect and resolve QTL, and for map-based cloning.
For seven traits in multiple environments, we detected between two and 17 QTL epi each, depending on the trait per se and the number of environments in which different traits were scored. The increased ability to resolve previously 'cryptic' QTL suggests that studies relying solely on polymorphism of conventional gen-markers may consistently under-estimate the quantity and distribution of QTL effects. We found that QTL epi were unevenly distributed amongst chromosomes, with eight (12%) on C8 controlling plant development and one seed quality trait, whilst only four (2%) QTL dna were detected on the same chromosome. This suggests that human selection may have a strong impact on specific chromosomes, where the activities of transposons affect agronomic traits, as indicated by Hauben et al. (2009) Table 9 ). Artificial reduction of DNA methylation has demonstrated effects on a wide range of phenotypic traits (KING 1995; FINNEGAN et al. 1998; JOHANNES et al. 2008) . Our results suggest that naturally occurring variation associated with DNA methylation may also generate epi-allelic variation, able to be detected as marker polymorphism in regions where conventional genetic markers are monomorphic. Similar conclusions have been reached by recent selection studies in Brassica by Hauben et al.(2009) and NI et al. (2009 Genome-wide analysis of Arabidopsis thaliana DNA methylation uncovers an interdependence between methylation and transcription. Nat Genet 39: 61-69. 
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